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Lipid	  transfer	  proteins	  do	  their	  thing	  anchored	  at	  membrane	  contact	  sites…	  
but	  what	  is	  their	  thing?	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ABSTRACT:	  
Membrane	  contact	  sites	  are	  dynamic	  structures	  where	  two	  organelles	  come	  close	  together	  to	  
regulate	  flow	  of	  material	  and	  information	  between	  them.	  One	  type	  of	  inter-­‐organelle	  
communication	  is	  lipid	  exchange,	  which	  must	  occur	  for	  membrane	  maintenance	  and	  in	  response	  to	  
environmental	  and	  cellular	  stimuli.	  Soluble	  lipid	  transfer	  proteins	  have	  been	  extensively	  studied,	  but	  
additional	  families	  of	  transfer	  proteins	  have	  been	  identified	  that	  are	  anchored	  into	  membranes	  by	  
transmembrane	  helices	  so	  that	  they	  cannot	  diffuse	  through	  the	  cytosol	  to	  deliver	  lipids.	  If	  such	  
proteins	  target	  membrane	  contact	  sites	  they	  may	  be	  major	  players	  in	  lipid	  metabolism.	  The	  
eukaryotic	  family	  of	  so-­‐called	  Lipid	  transfer	  proteins	  Anchored	  at	  Membrane	  contact	  sites	  (LAMs)	  all	  
contain	  both	  a	  sterol-­‐specific	  lipid	  transfer	  domain	  in	  the	  StARkin	  superfamily	  (related	  to	  
StART/Betv1),	  and	  one	  or	  more	  transmembrane	  helices	  anchoring	  them	  in	  the	  ER,	  making	  them	  
interesting	  subjects	  for	  study	  in	  relation	  to	  sterol	  metabolism.	  They	  target	  a	  variety	  of	  membrane	  
contact	  sites,	  including	  newly	  described	  contacts	  between	  organelles	  that	  were	  already	  known	  to	  
make	  contact	  by	  other	  means.	  Lam1-­‐4p	  target	  punctate	  ER-­‐plasma	  membrane	  contacts.	  Lam5p	  and	  
Lam6p	  target	  multiple	  contacts	  including	  a	  new	  category:	  Vacuolar	  non-­‐NVJ	  cytoplasmic	  ER	  (VancE)	  
contacts.	  These	  developments	  confirm	  previous	  observations	  on	  tubular	  lipid	  binding	  proteins	  
(TULIPs)	  that	  established	  the	  importance	  of	  membrane	  anchored	  proteins	  for	  lipid	  traffic.	  However,	  
the	  question	  remaining	  to	  be	  solved	  is	  the	  most	  difficult	  of	  all:	  are	  LAMs	  transporters,	  or	  alternately	  
are	  they	  regulators	  that	  affect	  traffic	  more	  indirectly?	  
	  
KEY	  WORDS:	  	  
Biological	  Transport	  
Ergosterol/analogs	  &	  derivatives/chemistry	  
Intracellular	  Membranes/*metabolism	  
Membrane	  Lipids/metabolism	  
Saccharomyces	  cerevisiae	  
Proteins/genetics/metabolism	  
Vesicular	  Transport	  
Proteins/genetics/*metabolism
ABBREVIATIONS:	  	  
Bin/Amphiphysin/RVS	  -­‐	  BAR;	  endoplasmic	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  -­‐	  ER;	  ER-­‐Mitochondria	  Encounter	  Structure	  -­‐	  
ERMES;	  Glucosyltransferase,	  Rab-­‐GTPase	  Activating	  protein	  and	  Myotubularin	  -­‐	  GRAM;	  Lipid	  transfer	  
protein	  Anchored	  at	  Membrane	  contact	  site	  -­‐	  LAM;	  Lipid	  Transfer	  protein	  at	  Contact	  site	  -­‐	  LTC;	  Nucleus-­‐
Vacuole	  Junction	  -­‐	  NVJ;	  Oxysterol	  Binding	  Protein	  -­‐	  OSBP;	  Pleckstrin	  Homology	  -­‐	  PH;	  Retinal	  
Degeneration	  B	  -­‐	  RdgB;	  Steroidogenic	  Acute	  Regulatory	  lipid	  Transfer	  protein	  -­‐	  StART;	  
StART/RHOalphaC/PITP/Bet	  v1/CoxG/CalC	  -­‐	  SRPBCC;	  Tubular	  Lipid	  binding	  protein	  -­‐	  TULIP;	  Vacuolar	  and	  
Mitochondrial	  Patch	  -­‐	  vCLAMP;	  Vacuolar	  non-­‐NVJ	  cytoplasmic	  ER	  -­‐	  VancE.	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Intracellular	  lipid	  traffic	  is	  required	  in	  all	  cells	  that	  have	  two	  or	  more	  membrane-­‐bound	  organelles.	  Since	  
lipid	  modifying	  enzymes	  are	  predominantly	  targeted	  to	  a	  single	  compartment,	  the	  lipids	  must	  traffic	  to	  
other	  membranes.	  Lipid	  traffic	  predates	  vesicle	  traffic,	  as	  it	  occurs	  in	  prokaryotes	  with	  two	  membranes.	  
In	  eukaryotes	  some	  organelles	  are	  clearly	  not	  linked	  by	  vesicular	  traffic.	  Most	  obviously	  this	  applies	  to	  
mitochondria,	  which	  must	  acquire	  most	  of	  their	  lipid	  precursors	  from	  the	  endoplasmic	  reticulum	  (ER)	  
where	  most	  cellular	  lipids	  are	  synthesised,	  and	  this	  organelle	  pair	  was	  the	  first	  to	  be	  studied	  for	  
intracellular	  lipid	  traffic	  [1].	  Now	  many	  intracellular	  lipid	  transfer	  proteins	  have	  been	  identified,	  this	  
designation	  having	  a	  strict	  in	  vitro	  definition	  (Box	  1),	  and	  to	  date	  15	  distinct	  lipid	  transfer	  protein	  folds	  
have	  been	  described	  (Table	  1).	  The	  defining	  feature	  of	  these	  folds	  is	  an	  internal	  cavity,	  often	  capped	  
with	  a	  flexible	  lid,	  the	  internal	  surfaces	  of	  cavity	  and	  lid	  being	  adapted	  to	  solubilise	  a	  water-­‐insoluble	  
molecule.	  A	  lipid	  transfer	  protein	  is	  therefore	  able	  to	  catalyse	  transfer	  through	  the	  cytosol,	  which	  
otherwise	  presents	  a	  high	  energy	  barrier	  for	  lipids	  to	  move	  between	  membranes	  (Fig.	  1A).	  
This	  review	  focusses	  on	  lipid	  transfer	  proteins	  that	  have	  transmembrane	  helices.	  As	  these	  proteins	  are	  
anchored	  in	  membranes,	  they	  were	  overlooked	  in	  experiments	  on	  cytosolic	  lipid	  transfer	  proteins.	  Being	  
integral	  membrane	  proteins,	  they	  are	  themselves	  unable	  to	  transfer	  from	  one	  organelle	  to	  another,	  
hence	  according	  to	  the	  earliest	  dominant	  paradigm	  they	  would	  be	  unable	  to	  move	  lipids	  [2].	  Anchored	  
lipid	  transfer	  proteins	  could	  act	  to	  sense	  lipids	  to	  generate	  a	  signal,	  or	  present	  lipids	  to	  another	  protein,	  
but	  transfer	  would	  not	  be	  feasible	  (Fig.	  1B).	  The	  paradigm	  of	  soluble,	  cytoplasmic	  lipid	  transfer	  proteins	  
was	  first	  called	  into	  question	  by	  the	  discovery	  that	  biosynthetic	  enzymes	  involved	  in	  ER-­‐mitochondrial	  
lipid	  exchange	  are	  concentrated	  at	  the	  membrane	  contact	  sites	  between	  these	  two	  compartments	  [3].	  
Membrane	  contact	  sites	  are	  found	  where	  two	  organelles	  come	  so	  close	  together	  that	  the	  gap	  (10-­‐30	  
nm)	  can	  be	  spanned	  by	  a	  single	  protein	  complex.	  They	  had	  been	  observed	  by	  early	  electron	  microscopy	  
studies,	  but	  protein	  components	  were	  only	  discovered	  much	  later	  [4,	  5].	  Many	  lipid	  transfer	  proteins	  have	  
now	  been	  found	  at	  contacts:	  first	  RdgB	  (named	  because	  deletion	  in	  flies	  causes	  Retinal	  degeneration	  
type	  B)	  in	  flies	  [6],	  then	  several	  oxysterol	  binding	  protein	  (OSBP)	  homologues	  in	  yeast	  [7],	  and	  finally	  a	  
large	  number	  of	  proteins	  with	  a	  shared	  motif	  to	  access	  the	  ER	  [8].	  As	  a	  result	  of	  this,	  the	  paradigm	  was	  
revised	  to	  include	  lipid	  transfer	  by	  proteins	  pre-­‐bound	  at	  membrane	  contact	  sites.	  Relatively	  static	  
protein	  complexes	  might	  perform	  the	  entire	  lipid	  transfer	  reaction	  while	  simultaneously	  binding	  donor	  
and	  acceptor	  membranes,	  reducing	  the	  time	  taken	  for	  diffusion	  1000-­‐fold	  (Fig.	  1C)	  [9],	  which	  might	  be	  
important	  for	  bulk	  sterol	  transport	  that	  is	  extremely	  fast	  [10].	  Thus	  the	  prediction	  about	  lipid	  transfer	  
proteins	  with	  TMHs	  changes	  from	  them	  being	  inactive	  to	  being	  hyperactive,	  as	  they	  cannot	  desorb	  from	  
membranes	  into	  an	  inactive	  cytoplasmic	  pool.	  Among	  all	  lipid	  transfer	  proteins,	  transmembrane	  helices	  
or	  hydrophobic	  hairpins	  are	  found	  in	  >90%	  of	  tubular	  lipid	  binding	  proteins	  (TULIPs)	  [11],	  a	  minority	  of	  
Steroidogenic	  acute	  regulatory	  lipid	  transfer	  proteins	  (StARTs)	  [12],	  and	  a	  few	  OSBP	  homologues	  [9].	  	  
	  
Discovery	  of	  a	  new	  family	  of	  lipid	  transfer	  proteins	  	  
In	  2014	  a	  new	  family	  of	  lipid	  transfer	  proteins	  was	  discovered	  in	  all	  eukaryotes	  using	  structural	  
bioinformatics.	  The	  same	  approach	  had	  been	  applied	  previously	  to	  show	  that	  the	  synaptotagmin-­‐like,	  
mitochondrial,	  and	  lipid-­‐binding	  protein	  (SMP)	  domain	  [13]	  is	  a	  TULIP	  [14,	  15].	  Next	  a	  search	  for	  domains	  in	  
the	  plant	  protein	  VAD-­‐1	  (named	  for	  associated	  vascular	  associated	  death	  of	  leaves)	  identified	  a	  region	  
structurally	  related	  to	  the	  helix	  grip	  domains	  in	  StARTs	  and	  Bet	  v1,	  and	  revealed	  a	  large	  eukaryotic	  
family	  of	  proteins	  with	  the	  domain	  [16].	  The	  helix	  grip	  domain	  is	  found	  in	  a	  large	  superfamily	  all	  with	  a	  
seven	  stranded	  β	  sheet	  wrapped	  around	  three	  α	  helices	  enclosing	  a	  large	  hydrophobic	  cavity.	  Different	  
families	  within	  the	  superfamily	  are	  lipid	  transfer	  proteins,	  with	  ligands	  that	  include	  membrane	  lipids	  
such	  as	  sterol.	  The	  structural	  homology	  of	  the	  new	  family	  to	  the	  helix	  grip	  superfamily	  was	  identified	  
using	  i-­‐TASSER,	  which	  predicts	  protein	  folds	  even	  when	  sequence	  homology	  is	  low	  [17].	  Another	  group	  
initiated	  searches	  with	  Lam6p,	  a	  previously	  unstudied	  yeast	  protein,	  to	  make	  the	  same	  identification	  [18].	  
Our	  group	  used	  HHsearch	  (which	  works	  similarly	  to	  i-­‐TASSER	  [19]),	  to	  search	  in	  the	  opposite	  direction:	  
searches	  initiated	  with	  StART	  and	  Bet	  v1	  domains	  identified	  the	  new	  family	  [20].	  Most	  eukaryotes	  have	  
several	  proteins	  in	  the	  new	  family	  (Fig.	  2),	  and	  budding	  yeast	  has	  twice	  the	  number	  (six)	  compared	  to	  
closely	  related	  fungi	  (three)	  as	  a	  result	  of	  a	  recent	  genome	  duplication	  event	  in	  Saccharomyces	  [21].	  The	  
paralogous	  pairs	  are	  Lam1p/Sip3p,	  Ysp2p/Lam4p	  and	  Lam5p/Lam6p	  (Fig.	  2).	  Lam1p	  was	  formerly	  called	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Ysp1p,	  but	  has	  been	  renamed	  for	  the	  sake	  of	  conformity	  within	  the	  family	  and	  ease	  of	  comprehension	  
both	  inside	  and	  outside	  the	  field.	  Similarly,	  we	  suggest	  Ysp2p	  and	  Sip3p	  should	  be	  renamed	  Lam2p	  and	  
Lam3p,	  and	  we	  use	  those	  names	  hereafter.	  Although	  Lam1/3p	  show	  sequence	  divergence	  from	  other	  
family	  members,	  Lam1/3p-­‐like	  proteins	  are	  more	  prevalent	  in	  the	  NCBI	  database	  than	  proteins	  
annotated	  as	  homologues	  of	  either	  Lam2/4p	  or	  Lam5/6p.	  These	  two	  pairs	  are	  more	  closely	  related	  to	  
each	  other	  than	  to	  any	  other	  proteins	  in	  the	  family,	  indicating	  divergence	  from	  a	  single	  common	  fungal	  
ancestor.	  The	  three	  human	  homologues,	  currently	  called	  GramD1a-­‐c,	  are	  equally	  related	  to	  both	  
Lam2/4p	  and	  Lam5/6p	  suggesting	  that	  they	  had	  a	  single	  common	  ancestor	  before	  the	  divergence	  of	  
metazoans	  and	  fungi	  [20].	  Although	  the	  cellular	  function	  of	  human	  LAMs	  has	  not	  yet	  been	  characterised,	  
we	  anticipate	  all	  of	  them	  share	  properties	  with	  all	  of	  Lam2/4/5/6p.	  What	  little	  is	  known	  about	  the	  
human	  homologues	  is	  that	  hLAMb	  (GramD1b)	  is	  strongly	  linked	  to	  solid	  and	  haematological	  tumours	  [22,	  
23].	  	  
Accompanying	  domains	  
Proteins	  with	  the	  new	  helix	  grip	  domain	  are	  600-­‐1200	  residues	  long,	  and	  the	  most	  distinctive	  feature	  is	  
that	  >99%	  have	  one	  or	  more	  transmembrane	  helix,	  a	  higher	  proportion	  than	  any	  other	  lipid	  transfer	  
protein	  family.	  The	  transmembrane	  helices	  indicate	  permanent	  anchoring	  to	  a	  cell	  membrane,	  which	  is	  
compatible	  with	  functions	  other	  than	  lipid	  transfer	  (Fig.	  1B).	  The	  proteins	  also	  have	  other	  domains	  that	  
are	  implicated	  in	  membrane	  targeting	  (Fig.	  2).	  The	  most	  frequent	  occurrence	  is	  pleckstrin	  homology	  
(PH)-­‐like	  domain,	  related	  to	  those	  in	  Glucosyltransferases,	  Rab-­‐GTPase	  Activating	  proteins	  and	  
Myotubularins	  (GRAM).	  These	  domains	  are	  preceded	  by	  a	  short	  characteristic	  amphipathic	  helix	  (Fig.	  2)	  
that	  is	  also	  found	  in	  Rab-­‐GTPase	  activating	  proteins	  and	  sterol	  glucosyltransferases,	  but	  not	  in	  
myotubularins.	  Such	  domains	  are	  binding	  modules	  for	  various	  ligands,	  most	  of	  which	  are	  proteins	  rather	  
than	  lipids	  [24].	  The	  combination	  of	  PH-­‐like	  and	  helix	  grip	  domains	  is	  universal	  in	  eukaryotic	  evolution	  [16].	  
In	  addition	  there	  are	  other	  reversible	  membrane	  targeting	  domains,	  such	  as	  PH	  domains,	  
Bin/amphiphysin/RVS	  (BAR)	  domains,	  C1	  domains,	  C2	  domains,	  SH3	  domains	  and	  FYVE	  domains.	  Since	  
the	  proteins	  are	  likely	  to	  be	  membrane	  embedded	  by	  their	  transmembrane	  helix,	  what	  is	  the	  need	  for	  
other	  membrane	  targeting	  domains?	  They	  may	  well	  mediate	  targeting	  to	  a	  second	  membrane	  at	  contact	  
site	  (Fig.	  1C).	  
	  
Lipid	  specificity	  
To	  verify	  the	  structural	  predictions,	  in	  vitro	  lipid	  binding	  and/or	  transfer	  assays	  were	  used	  to	  test	  for	  
lipid	  interactions.	  Sterols	  were	  found	  as	  specific	  moderate	  affinity	  (Kd	  ~	  1	  µM)	  ligands	  for	  all	  proteins	  
tested	  [18,	  20].	  The	  domains	  appear	  to	  bind	  sterols	  (equally	  to	  cholesterol	  and	  ergosterol,	  the	  sterols	  in	  
animals	  and	  yeast	  respectively)	  with	  no	  competition	  from	  phospholipids,	  although	  more	  detailed	  testing	  
is	  needed	  [25,	  26].	  Furthermore,	  the	  helix	  grip	  domains	  of	  any	  of	  Lam2/4/5/6p	  and	  of	  a	  human	  homologue	  
rescued	  the	  phenotype	  in	  LAM1/2/3	  delete	  strains	  (see	  section	  on	  Function:	  precise	  positioning),	  
indicating	  that	  all	  these	  domains	  may	  have	  the	  same	  specificity.	  	  
	  	  
Localisations	  
Although	  the	  family	  is	  widespread	  in	  evolution,	  the	  only	  cell	  biological	  studies	  are	  in	  yeast	  [18,	  20,	  27].	  With	  
regards	  to	  their	  localisation,	  the	  take	  home	  message	  is	  that	  all	  six	  proteins	  are	  anchored	  in	  the	  ER,	  and	  
all	  six	  target	  membrane	  contact	  sites.	  However,	  the	  message	  is	  complicated	  in	  that	  the	  six	  proteins	  
come	  in	  two	  flavours.	  Lam1p,	  Lam2p,	  Lam3p	  and	  Lam4p	  all	  target	  contacts	  between	  the	  ER	  and	  the	  
plasma	  membrane	  [20].	  Expressed	  from	  their	  own	  promoters	  as	  GFP	  fusions,	  Lam2p	  is	  the	  most	  highly	  
expressed,	  and	  the	  others	  are	  only	  just	  detectable	  by	  conventional	  confocal	  microscopy.	  The	  
requirements	  for	  targeting	  have	  been	  studied	  extensively	  for	  Lam2p:	  the	  C-­‐terminus	  alone	  produces	  
cortical	  punctate	  targeting,	  which	  is	  reminiscent	  of	  the	  targeting	  by	  the	  viral	  protein	  TGBp3	  of	  similar	  
topology	  [28].	  The	  predicted	  coiled-­‐coil	  at	  the	  extreme	  C-­‐terminus	  of	  Lam2/4p	  might	  also	  play	  a	  part	  in	  
self-­‐assembly	  (Fig.	  2).	  To	  the	  extent	  that	  they	  have	  been	  studied,	  some	  of	  the	  proteins	  co-­‐localise:	  
Lam2p	  with	  Lam4p,	  Lam2p	  with	  Lam3p,	  but	  the	  different	  expression	  levels	  indicate	  that	  they	  do	  not	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form	  1:1	  stoichiometric	  complexes.	  We	  speculate	  that	  all	  four	  proteins	  target	  the	  same	  super-­‐complex,	  
although	  no	  other	  components	  are	  known.	  One	  important	  feature	  of	  the	  contacts	  targeted	  by	  Lam1-­‐4p	  
has	  been	  determined:	  they	  are	  a	  unique	  type	  of	  ER-­‐plasma	  membrane	  contact	  compared	  to	  others	  
known	  previously,	  both	  in	  their	  highly	  punctate	  appearance	  (Fig.	  3,	  image)	  and	  in	  their	  independence	  
from	  known	  ER-­‐plasma	  membrane	  tethers	  [29].	  	  
Lam5p	  and	  Lam6p,	  the	  remaining	  two	  members	  of	  the	  family,	  target	  three	  other	  contact	  sites,	  but	  there	  
is	  some	  doubt	  about	  the	  nature	  of	  the	  third	  contact.	  It	  is	  clear	  that	  they	  have	  two	  localisations.	  (i)	  ER-­‐
mitochondrial	  contacts,	  with	  striking	  colocalisation	  of	  Lam6p	  and	  components	  of	  a	  complex	  found	  in	  
many	  organisms,	  but	  not	  animals	  called	  the	  ER-­‐mitochondria	  encounter	  structure	  (ERMES).	  This	  
colocalisation	  dominates	  the	  picture	  when	  Lam6p	  is	  expressed	  at	  endogenous	  levels	  in	  cells	  growing	  in	  
log	  phase	  [18,	  27].	  (ii)	  The	  nucleus-­‐vacuole	  junction	  (NVJ),	  where	  the	  outer	  nuclear	  envelope	  forms	  
extended	  contacts	  with	  the	  yeast	  vacuole,	  which	  is	  equivalent	  to	  the	  mammalian	  lysosome	  [30].	  	  
Another	  pool	  of	  contacts	  populated	  by	  Lam6p	  is	  of	  some	  interest.	  These	  are	  also	  on	  the	  vacuole,	  but	  
these	  have	  been	  hard	  to	  identify	  with	  100%	  certainty.	  Lam6p-­‐Cherry	  was	  found	  in	  a	  similar	  distribution	  
to	  Vps39p	  (also	  called	  Vam6p)	  [27],	  which	  is	  the	  only	  known	  marker	  of	  vacuolar	  and	  mitochondrial	  patch	  
(vCLAMP)	  contacts	  [31,	  32].	  However,	  although	  Lam6p	  is	  close	  to	  Vps39p	  at	  the	  vacuole	  edge,	  the	  
distributions	  of	  the	  two	  proteins	  are	  different.	  Also,	  under	  all	  other	  conditions	  Lam1-­‐6p	  are	  entirely	  
retained	  in	  the	  ER	  by	  their	  transmembrane	  helices,	  so	  it	  is	  unclear	  how	  they	  could	  be	  at	  vCLAMPs.	  To	  
resolve	  this,	  we	  suggest	  the	  possibility	  that	  the	  peri-­‐vacuolar	  patches	  of	  Lam6p	  all	  represent	  elements	  of	  
the	  ER.	  The	  implication	  of	  this	  is	  that	  the	  ER	  contacts	  the	  vacuole	  at	  places	  apart	  from	  the	  NVJ.	  This	  new	  
type	  of	  contact	  in	  yeast,	  for	  which	  we	  suggest	  the	  name	  Vacuolar	  non-­‐NVJ	  cytoplasmic	  ER	  (VancE)	  
contacts,	  not	  only	  contains	  Lam5/6p	  and	  Vac8p,	  but	  also	  the	  ER	  proteins	  Mdm1p	  and	  Nvj3p	  [33].	  VancE	  
contacts	  are	  prominent	  when	  GFP-­‐Lam5/6p	  are	  over-­‐expressed	  (Fig.	  3,	  image)	  [20],	  but	  are	  also	  seen	  with	  
endogenous	  level	  expression	  of	  GFP-­‐Lam6p	  [18].	  It	  has	  yet	  to	  be	  established	  if	  VancE	  contacts	  are	  indeed	  
close	  to	  vCLAMPs,	  which	  would	  indicate	  the	  presence	  of	  zones	  of	  three-­‐way	  contact	  between	  ER	  
vacuole	  and	  mitochondria.	  	  
The	  new	  family	  of	  yeast	  proteins	  are	  all	  lipid	  transfer	  proteins	  at	  contact	  sites	  (Fig.	  3),	  suggesting	  LTC	  as	  
a	  generic	  acronym	  for	  the	  whole	  family	  [18].	  Alternatively,	  the	  phrase	  lipid	  transfer	  proteins	  anchored	  at	  
membrane	  contact	  sites	  (LAM)	  stresses	  membrane	  attachment	  as	  a	  functionally	  major	  feature.	  Since	  it	  
was	  first	  conceived	  [34],	  the	  superfamily	  of	  domains	  related	  to	  StART	  and	  Bet	  v1	  domains	  has	  now	  
acquired	  three	  new	  members:	  PRELI/Ups,	  LAMs	  and	  DUF3809	  (Table	  2),	  and	  we	  propose	  that	  the	  whole	  
superfamily	  should	  be	  renamed	  as	  “StARkins”	  to	  reflect	  its	  increased	  breadth	  (Box	  2).	  	  
	  
Interactions	  of	  LAM	  proteins	  
No	  proteomic	  studies	  of	  Lam1-­‐4p	  have	  yet	  been	  reported,	  but	  the	  ability	  of	  over-­‐expressed	  Lam3p	  to	  re-­‐
direct	  Lam2p	  away	  from	  cortical	  puncta,	  and	  Lam2p-­‐Lam3p	  colocalisation	  suggests	  that	  these	  two	  
proteins	  may	  interact.	  For	  Lam6p	  much	  more	  is	  known.	  Proteomics	  approaches	  show	  that	  Lam6p	  
interacts	  with	  the	  ERMES	  complex	  [18,	  27].	  Importantly,	  the	  interaction	  with	  ERMES	  does	  not	  recruit	  
Lam6p	  to	  ER-­‐mitochondria	  contacts.	  Instead,	  extended	  proteomics	  studies	  showed	  that	  Lam6p	  binds	  to	  
Tom70/71p	  [18,	  27],	  48%	  identical	  paralogues	  with	  the	  established	  function	  of	  recognising	  cargo	  for	  the	  
TOM	  complex.	  The	  interaction	  was	  mapped	  to	  the	  PH-­‐like	  domain	  of	  Lam6p,	  without	  which	  Lam6p	  
targets	  exactly	  as	  if	  Tom70/71p	  are	  deleted:	  protein	  is	  re-­‐routed	  to	  the	  NVJ	  and	  VancE	  contacts	  [18].	  The	  
proteomic	  study	  went	  even	  deeper,	  identifying	  the	  vacuolar	  binding	  partner	  of	  Lam6p	  (not	  via	  the	  PH-­‐
like	  domain)	  as	  Vac8p	  [18],	  a	  peripheral	  membrane	  protein	  with	  many	  protein	  ligands	  already	  known,	  one	  
of	  which	  is	  Nvj1p	  [30,	  35].	  Therefore,	  Lam6p	  has	  receptors	  in	  two	  different	  organelles	  as	  well	  as	  being	  
anchored	  into	  the	  ER,	  making	  it	  an	  ideal	  protein	  to	  integrate	  information	  about	  the	  status	  of	  multiple	  
contact	  sites.	  
	  
Functional	  studies	  of	  LAM	  proteins:	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Lam5/6p	  are	  tethers	  at	  multiple	  contact	  sites	  
The	  relatively	  young	  field	  of	  membrane	  contact	  sites	  has	  focussed	  largely	  on	  what	  information	  or	  
material	  might	  be	  exchanged	  there,	  with	  little	  attention	  paid	  to	  studying	  contact	  site	  regulation	  in	  
response	  to	  changes	  in	  the	  environment	  and	  cell	  growth.	  Local	  regulation	  of	  contact	  sites	  might	  be	  
detectable	  when	  one	  non-­‐vesicular	  transfer	  route	  via	  one	  set	  of	  contacts	  compensates	  for	  the	  loss	  of	  
another	  non-­‐vesicular	  transfer	  route	  via	  another	  set	  of	  contacts.	  This	  was	  seen	  in	  the	  discovery	  of	  
vCLAMPs	  as	  a	  pathway	  parallel	  to	  ERMES	  by	  which	  the	  secretory	  pathway	  communicates	  with	  
mitochondria.	  In	  the	  absence	  of	  either	  complex	  the	  other	  enlarges,	  and	  loss	  of	  components	  of	  both	  
contacts	  simultaneously	  is	  lethal	  [31,	  32].	  New	  work	  on	  Lam6p	  shows	  that	  enlargement	  of	  either	  vCLAMP	  
or	  ERMES	  contacts	  requires	  Lam6p,	  and	  over-­‐expression	  of	  just	  this	  one	  protein	  when	  GFP-­‐tagged	  (but	  
interestingly	  not	  the	  untagged	  form)	  causes	  enlargement	  particularly	  of	  ER-­‐mitochondria	  contacts,	  but	  
also	  of	  NVJ,	  vCLAMP	  and	  VancE	  contacts,	  the	  latter	  two	  merging	  into	  a	  three	  way	  contact	  site	  
ER/mitochondria/vacuole	  [27].	  Thus,	  total	  expression	  and	  specific	  interactions	  of	  Lam6p	  regulate	  multiple	  
contact	  sites,	  and	  this	  might	  be	  one	  way	  they	  are	  controlled	  during	  prolonged	  glucose	  starvation	  [36].	  
The	  possibility	  that	  one	  or	  more	  of	  Lam1-­‐4p	  has	  structural	  roles	  at	  ER-­‐plasma	  membrane	  contacts	  has	  
not	  been	  fully	  tested,	  but	  rapid	  over-­‐expression	  of	  Lam2p	  makes	  no	  significant	  difference	  to	  the	  amount	  
of	  cortical	  ER	  found	  close	  to	  the	  plasma	  membrane	  (Hayes	  and	  Levine,	  unpublished	  observations).	  This	  
lack	  of	  obvious	  tethering	  ability	  is	  another	  way	  in	  which	  the	  ER-­‐plasma	  membrane	  targeted	  proteins	  
differ	  from	  Lam5/6p.	  It	  will	  be	  informative	  to	  pursue	  studies	  of	  both	  groups	  of	  LAM	  proteins	  further,	  
because	  the	  human	  proteins	  appear	  to	  be	  equally	  related	  to	  both	  in	  terms	  of	  sequence,	  and	  may	  well	  
combine	  functions	  and	  interactions	  of	  both	  types	  of	  yeast	  protein.	  
	  
Function	  in	  sterol	  metabolism	  
All	  LAMs	  tested	  to	  date	  are	  sterol	  transfer	  proteins	  (in	  vitro,	  see	  Box	  1),	  but	  that	  does	  not	  indicate	  their	  
in	  vivo	  function.	  The	  most	  prominent	  route	  of	  sterol	  traffic	  in	  living	  cells	  is	  between	  the	  ER,	  where	  sterol	  
is	  both	  made	  when	  the	  cell	  needs	  more	  and	  converted	  into	  neutral	  ester	  for	  storage	  outside	  membranes	  
(in	  lipid	  droplets)	  when	  it	  is	  in	  excess	  [37],	  and	  the	  plasma	  membrane,	  where	  sterol	  is	  enriched	  to	  ~35%	  
total	  lipid	  [38].	  Sterol	  traffic	  in	  both	  directions,	  forward	  (ER	  to	  plasma	  membrane)	  and	  reverse	  (plasma	  
membrane	  to	  ER),	  has	  been	  assayed	  in	  strains	  with	  LAM	  deletions.	  For	  the	  forward	  assay,	  only	  a	  strain	  
lacking	  LAM2	  was	  tested,	  showing	  a	  non-­‐significant	  minor	  reduction	  [20].	  For	  the	  reverse	  assay,	  sterol	  
traffic	  was	  reduced	  in	  strains	  lacking	  any	  one	  of	  LAM1,	  LAM2	  or	  LAM3	  by	  ~50%	  (∆lam4	  had	  no	  effect)	  
[20].	  The	  effect	  of	  deleting	  just	  one	  LAM	  is	  similar	  to	  inactivating	  all	  seven	  yeast	  OSBP	  homologues	  [39].	  
Although	  these	  results	  show	  that	  the	  LAMs	  are	  important	  for	  sterol	  distribution	  in	  cells,	  multiple	  
interpretations	  are	  possible,	  of	  which	  in	  vivo	  sterol	  traffic	  by	  LAMs	  is	  only	  one.	  If	  that	  were	  the	  case,	  
maybe	  LAMs	  act	  in	  reverse	  traffic,	  but	  not	  in	  forward	  traffic.	  Only	  a	  few	  mechanisms	  for	  asymmetric	  
transfer	  have	  been	  discovered	  [40],	  but	  this	  is	  a	  plausible	  explanation.	  Linked	  to	  this,	  the	  physiological	  
role	  of	  reverse	  traffic	  has	  not	  yet	  been	  fully	  resolved,	  in	  particular	  an	  explanation	  is	  needed	  for	  its	  very	  
high	  capacity	  (in	  yeast	  ≥30,000	  sterols	  per	  cell	  per	  second,	  see	  Li	  and	  Prinz,	  2004,	  Figure	  1D	  [41]).	  A	  
second	  variant	  of	  the	  trafficking	  interpretation	  is	  that	  the	  forward	  traffic	  assay	  somehow	  fails	  to	  reveal	  
defects	  caused	  by	  loss	  of	  LAMs.	  No	  mutant	  has	  yet	  been	  described	  that	  inhibits	  this	  assay,	  so	  it	  has	  no	  
negative	  control.	  A	  completely	  different	  interpretation	  is	  possible	  rejecting	  the	  notion	  that	  LAMs	  traffic	  
sterol	  across	  the	  contact	  site	  at	  all:	  it	  could	  be	  that	  LAM	  genes	  affect	  the	  relative	  size	  of	  sterol	  pools	  in	  
the	  plasma	  membrane	  [42],	  for	  example	  by	  effects	  on	  saturated	  plasma	  membrane	  lipids	  such	  as	  
sphingolipids	  [43].	  These	  changes	  would	  then	  alter	  the	  proportion	  of	  sterol	  trafficked	  but	  not	  the	  absolute	  
amount	  [39].	  Thus,	  it	  cannot	  be	  said	  whether	  the	  role	  of	  LAMs	  in	  sterol	  traffic	  between	  ER	  and	  plasma	  
membrane	  is	  direct	  or	  indirect.	  
Similar	  to	  Lam2p,	  Lam6p	  might	  plausibly	  mediate	  sterol	  traffic	  to/from	  mitochondria,	  vacuole	  or	  both,	  
since	  the	  inner	  mitochondrial	  matrix	  and	  the	  vacuolar	  membrane	  need	  sterol,	  having	  approximately	  
40%	  and	  60%	  the	  level	  of	  sterol	  as	  the	  ER	  respectively	  [44].	  Vacuolar	  sterol	  is	  required	  for	  vacuole-­‐vacuole	  
fusion	  [45].	  Sterol	  is	  also	  needed	  for	  the	  formation	  of	  sterol-­‐rich	  large	  (micron	  scale)	  inwardly	  curved	  
	   6	  
vacuolar	  domains	  appearing	  in	  cells	  starved	  for	  glucose	  or	  stressed,	  for	  example	  by	  weak	  acids	  [46].	  The	  
formation	  of	  these	  domains	  requires	  Lam6p	  when	  cells	  are	  glucose	  starved,	  not	  under	  weak	  acid	  stress,	  
indicating	  that	  Lam6p	  acts	  on	  a	  subset	  of	  multiple	  pathways	  underlying	  their	  formation	  [18].	  Interestingly,	  
these	  domains	  spontaneously	  appear	  in	  cells	  even	  when	  growing	  in	  log-­‐phase	  with	  glucose	  and	  without	  
stress	  solely	  by	  forcing	  Lam6p	  to	  the	  NVJ	  and	  VancE	  contacts	  either	  by	  removing	  its	  mitochondrial	  
binding	  partners	  or	  by	  deleting	  the	  PH-­‐like	  domain	  [18].	  This	  functional	  link	  between	  Lam6p	  and	  the	  
sterol-­‐rich	  domains	  might	  be	  explained	  by	  a	  role	  in	  bulk	  sterol	  transport	  (Fig.	  1C).	  However,	  as	  for	  LAMs	  
at	  the	  plasma	  membrane,	  an	  alternative	  is	  that	  Lam6p	  acts	  as	  a	  “dynamic	  organizer”	  of	  the	  membrane	  
[18],	  involving	  sensing	  not	  traffic	  of	  sterol	  (Fig.	  1B).	  
	  
Precise	  positioning	  of	  StARkin	  domains	  
LAMs	  are	  located	  at	  contact	  sites	  that	  are	  all	  ≥15	  nm	  in	  width	  (Fig.	  3)	  [47-­‐49].	  One	  question	  that	  arises	  is	  
whether	  they	  can	  reach	  out	  far	  enough	  to	  act	  at	  the	  far	  side	  of	  such	  gaps.	  This	  was	  tested	  for	  Lam2p,	  the	  
lack	  of	  which	  causes	  yeast	  to	  be	  hypersensitive	  to	  Amphotericin	  B,	  an	  ergosterol	  sequestering	  antifungal	  
molecule	  (the	  same	  phenotype	  is	  found	  with	  loss	  of	  Lam1p	  or	  Lam3p,	  but	  not	  for	  Lam4-­‐6p).	  The	  
deletion	  phenotype	  of	  ∆lam1/2/3	  is	  rescued	  by	  expression	  of	  soluble	  StARkin	  domains	  from	  Lam2/4/6p	  
and	  hLAMa.	  As	  seen	  with	  other	  lipid	  transfer	  proteins	  [50],	  rescue	  by	  soluble	  non-­‐targeted	  protein	  
requires	  high	  level	  expression	  compared	  to	  the	  membrane	  targeted	  native	  protein.	  Significantly,	  there	  
was	  also	  marginal	  rescue	  by	  MLN64	  (a	  sterol	  specific	  human	  StART),	  but	  not	  by	  StARTs	  specific	  for	  other	  
lipids	  [20].	  This	  suggests	  that	  Lam2p	  functions	  not	  just	  by	  protein	  mediated	  signalling,	  but	  this	  is	  only	  one	  
experiment	  and	  more	  must	  be	  done	  to	  confirm	  what	  Lam2p	  is	  doing.	  
One	  point	  that	  arises	  about	  the	  membrane	  targeting	  of	  LAMs	  is	  that	  the	  linkers	  between	  the	  StARkin	  
domain	  and	  the	  transmembrane	  helix	  are	  all	  quite	  short	  (Fig.	  2).	  This	  is	  particularly	  true	  for	  Lam2p,	  
where	  the	  linker	  is	  59	  residues	  long,	  of	  which	  18	  might	  form	  a	  polybasic	  domain	  that	  binds	  to	  the	  plasma	  
membrane,	  leaving	  only	  41	  residues,	  which	  can	  extend	  to	  a	  maximum	  of	  16	  nm	  (3.8	  Å	  per	  residue	  [51],	  
see	  insert	  in	  Fig.	  2).	  Linking	  the	  second	  StARkin	  domain	  of	  Lam2p	  to	  the	  ER	  with	  a	  series	  of	  linkers	  of	  
different	  lengths	  (6	  to	  103	  aa,	  equivalent	  to	  2	  to	  39	  nm)	  of	  flexible,	  unstructured	  polypeptide	  showed	  
that	  linkers	  much	  shorter	  than	  the	  natural	  one	  inhibit	  the	  activity,	  while	  a	  linker	  that	  maximally	  
stretches	  15	  nm	  was	  partly	  active,	  and	  linkers	  stretching	  up	  to	  27	  nm	  or	  more	  produce	  maximal	  activity	  
[20].	  This	  indicates	  that	  the	  StARkin	  domain	  must	  reach	  out	  to	  the	  plasma	  membrane	  to	  function.	  Relative	  
distance	  from	  the	  anchor	  is	  not	  everything,	  as	  shown	  by	  considering	  the	  first	  StARkin	  domain	  of	  Lam2p.	  
The	  first	  domain	  is	  almost	  as	  active	  as	  the	  second	  domain	  when	  expressed	  on	  its	  own,	  but	  the	  second	  
domain	  alone	  is	  necessary	  and	  sufficient	  for	  rescue	  of	  function:	  deletion	  of	  the	  first	  StARkin	  domain	  has	  
no	  phenotypic	  effect,	  but	  deletion	  (or	  point	  mutation)	  of	  the	  second	  StARkin	  domain	  kills	  activity	  of	  the	  
whole	  protein	  [20].	  This	  indicates	  that	  the	  context	  of	  StARkin	  domains	  within	  full-­‐length	  LAM	  proteins	  is	  
crucial	  for	  function.	  
	  
Summary:	  
Just	  three	  papers	  have	  been	  published	  on	  the	  cell	  biology	  of	  the	  LAM	  family	  [18,	  20,	  27].	  The	  emphasis	  here	  
is	  therefore	  on	  new-­‐ness:	  finding	  the	  new	  proteins	  has	  lead	  to	  new	  understandings	  of	  intracellular	  
architecture	  and	  even	  new	  consideration	  of	  a	  whole	  protein	  superfamily.	  However,	  there	  is	  still	  the	  
same	  old	  conundrum	  about	  what	  proteins	  that	  can	  solubilise	  membrane	  lipids	  actually	  do	  with	  them.	  
Both	  the	  Amphotericin	  B	  sensitivity	  accompanying	  LAM1/2/3	  deletion	  and	  the	  vacuolar	  changes	  
accompanying	  deletion	  of	  LAM6	  could	  come	  from	  altered	  sterol	  traffic	  or	  from	  altered	  regulation	  of	  its	  
distribution	  between	  different	  pools	  [18,	  20].	  Resolving	  this	  question	  may	  require	  the	  development	  of	  new	  
technologies	  that	  allow	  us	  to	  follow	  the	  extremely	  fast	  intracellular	  traffic	  of	  lipids.	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Box	  1:	  Definition	  of	  a	  lipid	  transfer	  protein	  
It	  is	  important	  to	  understand	  that	  the	  term	  “lipid	  transfer	  protein”	  was	  originally	  defined	  as	  an	  in	  vitro	  
biochemical	  activity	  that	  mediates	  quasi	  enzymatic	  transfer	  of	  lipid	  from	  donor	  to	  acceptor	  lipid	  bilayers	  
[52],	  and	  there	  is	  no	  reason	  to	  change	  this	  definition	  [53,	  54].	  Therefore,	  lipid	  transfer	  protein	  does	  not	  
describe	  in	  vivo	  function:	  just	  because	  it	  can	  transfer	  lipid,	  it	  does	  not	  follow	  that	  it	  does	  transfer	  lipid.	  It	  
might	  only	  bind	  lipid,	  acting	  as	  a	  sensor	  that	  converts	  lipid	  concentration	  into	  a	  conformational	  change	  
[55,	  56].	  In	  fact,	  since	  all	  lipid	  binding	  is	  likely	  to	  be	  accompanied	  by	  some	  conformational	  change	  in	  the	  
protein,	  any	  lipid	  transfer	  protein	  may	  convey	  a	  signal,	  either	  intra-­‐	  or	  intermolecular,	  that	  indicates	  a	  
sensor	  function.	  And	  so	  the	  question	  facing	  cell	  biologists	  is	  whether	  experimental	  evidence	  can	  be	  
obtained	  to	  show	  if	  any	  lipid	  transfer	  protein	  transfers	  lipid	  in	  vivo.	  	  
	  
Box	  2.	  StARkin:	  a	  new	  start	  for	  naming	  the	  kin	  of	  StAR	  
Six	  families	  were	  identified	  as	  a	  conserved	  protein	  domain	  superfamily	  by	  NCBI	  as	  helix	  grip	  folds,	  all	  
consisting	  of	  a	  curved	  7-­‐stranded	  beta	  sheet	  with	  one	  C-­‐terminal	  alpha	  helix	  and	  a	  broken	  helix	  between	  
β1	  and	  β2	  that	  is	  not	  in	  contact	  with	  the	  sheet	  and	  makes	  a	  large	  internal	  cavity.	  Proteins	  across	  families	  
share	  so	  little	  sequence	  that	  the	  homology	  cannot	  be	  detected	  from	  conventional	  sequence	  alignment	  
tools	  such	  as	  PSI-­‐BLAST	  [57].	  Instead,	  the	  superfamily	  was	  built	  by	  aligning	  3D	  structures,	  and	  DALI	  shows	  
RMSD	  ≤	  4	  Angstroms	  throughout.	  Alignment	  by	  HHblits,	  which	  uses	  Hidden	  Markov	  Models	  and	  is	  more	  
sensitive	  than	  PSI-­‐BLAST	  [58],	  shows	  that	  several	  of	  these	  families	  can	  be	  linked	  by	  sequence	  alone	  (Table	  
2A).	  	  
The	  superfamily	  has	  been	  named	  either	  StART	  after	  the	  single	  best	  known	  family	  [34],	  or	  Bet	  v1-­‐like	  [16],	  or	  
SRPBCC	  –	  an	  acronym	  for	  six	  founder	  family	  members	  introduced	  via	  the	  NCBI	  Conserved	  Domain	  
Database	  (StART/RHOalphaC/PITP/Bet	  v1/CoxG/CalC)	  [59].	  As	  described	  by	  Aravind	  and	  co-­‐workers,	  the	  
RHOαC/naphthalene	  dioxygenase	  family	  should	  not	  be	  included	  with	  the	  others,	  as	  it	  does	  not	  come	  up	  
as	  a	  structural	  homologue	  of	  any	  other	  member	  (Table	  2).	  New	  branches	  of	  the	  established	  families	  can	  
be	  added	  for	  proteins	  families	  with	  recognizably	  related	  sequence:	  PYR/PYL/RCAR	  abscissic	  acid	  
receptors	  in	  plants	  [60],	  and	  DUF3211	  fatty	  acid	  binding	  proteins	  in	  archaea	  [61].	  More	  significantly,	  three	  
whole	  new	  families	  have	  been	  added:	  (i)	  LAMs	  [18,	  20,	  27].	  In	  the	  context	  of	  a	  study	  in	  Arabidopsis,	  where	  
one	  gene	  is	  called	  VAD-­‐1	  (Fig.	  1)	  because	  its	  deletion	  causes	  vascular	  associated	  death	  of	  leaves,	  the	  
lipid	  transfer	  domains	  have	  been	  called	  VASt	  domains	  for	  VAD1	  Analog	  of	  StAR-­‐related	  lipid	  transfer	  [16].	  
However,	  because	  this	  name	  is	  inextricably	  linked	  to	  plants	  we	  do	  not	  think	  it	  is	  a	  helpful	  way	  to	  
describe	  the	  whole	  family.	  (ii)	  PRELI	  domains,	  which	  bind	  and	  transfer	  phospholipids	  such	  as	  
phosphatidic	  acid,	  found	  both	  as	  domains	  in	  cytoplasmic	  proteins	  and	  as	  single	  domain	  proteins	  in	  the	  
inter-­‐membrane	  space	  of	  mitochondria	  where	  they	  are	  stabilised	  a	  second,	  small	  protein	  
(TRIAP/Mdm35)	  [62]	  to	  make	  an	  overall	  structure	  similar	  to	  PITP	  [63-­‐65];	  (iii)	  DUF3809	  proteins	  in	  archaea	  
(Joint	  Center	  for	  Structural	  Genomics,	  structure	  released	  2010).	  These	  families	  are	  not	  identified	  by	  
alignments	  of	  sequence	  alone	  (Table	  2A),	  but	  are	  detected	  by	  structural	  bioinformatic	  tools	  such	  as	  
HHsearch	  (Table	  2B/C).	  	  
The	  problem	  with	  RHOαC	  suggests	  that	  the	  (albeit	  little	  used)	  SRPBCC	  acronym	  should	  be	  dropped.	  The	  
other	  widely	  used	  name,	  StART	  superfamily	  [34],	  is	  reasonable	  on	  scientific	  grounds,	  but	  it	  overvalues	  
StARTs	  compared	  to	  other	  families,	  and	  the	  ubiquity	  of	  the	  word	  “start”	  in	  internet	  search	  tools	  makes	  it	  
hard	  for	  entrants	  to	  the	  field	  to	  find	  the	  right	  resources	  quickly.	  We	  therefore	  invite	  researchers	  in	  the	  
field	  to	  suggest	  new	  names	  for	  this	  growing	  superfamily.	  Our	  own	  suggestion	  is	  StARkin,	  the	  concept	  of	  
the	  superfamily	  being	  contained	  in	  the	  suffix	  kin,	  which	  means	  relatives	  or	  family.	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Table	  1:	  Fifteen	  folds	  of	  intracellular	  proteins	  that	  bind	  lipids	  
	  
	  
all	  alpha	  	   Coq9¶,	  GLTP‡,	  saposin*	  	  
alpha/beta	  	   FAD/NAD	  binding¶,	  NPC1-­‐N	  terminus¶,	  SCP-­‐2‡,	  Sec14‡,	  VAT-­‐1¶,	  WIF¶	  
mainly	  beta	  	   OSBP-­‐related‡,	  SRPBCC	  [StART,	  PITP,	  Bet	  v1,	  LAM	  etc.]‡,	  TULIP	  (SMP)¶	  	  
almost	  all	  beta	   lipocalin/calycin*	  
all	  beta	  	   FABP*,	  NPC2[GDI]*	  	  
	  
	  
Proteins	  that	  fold	  in	  such	  a	  way	  as	  to	  shield	  and	  solubilise	  hydrophobic	  ligands	  in	  the	  cytoplasm	  are	  
identified	  by	  the	  predominant	  secondary	  structural	  element	  in	  their	  fold.	  Five	  of	  these	  families	  were	  
included	  in	  a	  previous	  review‡	  [66],	  others	  were	  omitted	  because	  the	  ligands	  are	  only	  mono-­‐acyl	  lipids*	  
[67-­‐70],	  or	  because	  they	  were	  discovered	  since¶	  [14,	  15,	  71-­‐74].	  The	  high	  rate	  of	  new	  discovery	  of	  proteins	  that	  
can	  solubilize	  lipids	  suggests	  that	  many	  more	  are	  yet	  to	  be	  discovered.	  Alternate	  names	  include:	  
CRAL/TRIO	  for	  Sec14,	  nonspecific	  lipid	  transfer	  protein	  (nsLTP)	  for	  SCP-­‐2	  (sterol	  carrier	  protein	  2),	  and	  
StARkin	  for	  the	  family	  including	  StART,	  PITP	  Bet	  v1,	  LAM	  etc.	  sometimes	  called	  SRPBCC	  (see	  Box	  2).	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Table	  2:	  Sequence	  and	  structural	  similarities	  in	  the	  StARkin	  superfamily	  
	  
Proteins	  with	  solved	  structures	  (except	  for	  LAMs)	  that	  have	  been	  assigned	  to	  different	  StARkin	  families	  
were	  aligned	  with	  each	  other	  at	  toolkit.tuebingen.mpg.de/	  (A)	  HHblits	  [58]	  was	  used	  (8	  iterations)	  for	  
multiple	  sequence	  alignment	  (numbers	  show	  log10	  of	  e-­‐value	  of	  the	  significance	  of	  the	  match,	  colour	  
spectrum	  red	  ≤–20⇔yellow	  =–6⇔white	  ≥0).	  (B)	  and	  (C)	  HHsearch	  [19]	  seeded	  with	  these	  alignments	  
produced	  both	  (B)	  the	  probability	  of	  shared	  structure	  (colour	  spectrum	  red	  =100⇔yellow	  =80⇔white	  
≤10;	  highly	  reliable	  ≥80%);	  and	  (C)	  the	  number	  of	  columns	  matched	  (colour	  spectrum	  red	  ≥170⇔	  yellow	  
=125⇔white	  ≤85).	  Sequences	  used:	  six	  SRPBCCs	  (StART:	  1em2,	  RHOαC	  (dioxygenase):	  2bmo,	  PITP:	  
1kcm,	  Bet	  v1:	  4bk7,	  CoxG:	  2ns9,	  CalC:	  1zxf),	  two	  related	  helix	  grips	  (PYR/PYL/RCAR:	  3rt2,	  and	  DUF3211:	  
2ejx),	  and	  three	  proteins	  detected	  by	  structural	  bioinformatics	  (PRELI:	  4ytw_b,	  LAM:	  Lam1p‡,	  and	  
DUF3809:	  3nqn,	  an	  archaeal	  protein	  of	  unknown	  function).	  Query	  sequences	  (Q)	  are	  in	  the	  first	  column,	  
and	  targets	  (T)	  are	  shown	  across	  the	  other	  columns.	  *	  The	  target	  LAM	  sequence	  is	  not	  a	  solved	  
structure,	  hence	  we	  used	  an	  entry	  in	  the	  PFAM	  database	  that	  includes	  the	  domain	  designated	  as	  
DUF4782	  (PF16016)	  in	  its	  most	  recent	  release	  (v28.0,	  May	  2015).	  Note	  that	  RHOαC	  is	  unrelated	  to	  all	  
others,	  even	  in	  HHsearch,	  and	  should	  not	  be	  included	  in	  this	  superfamily,	  as	  suggested	  previously	  [34].	  
RCAR	  and	  DUF3211	  are	  related	  by	  sequence,	  i.e.	  in	  (A),	  to	  CoxG,	  so	  they	  should	  not	  be	  considered	  as	  
separate	  families.	  Applying	  that	  rule	  using	  a	  HHblits	  threshold	  ≤10–10	  to	  identify	  sequence	  homology	  
places	  all	  of	  Bet	  v1,	  CoxG,	  CalC,	  RCAR	  and	  DUF3211	  in	  one	  single	  family	  of	  sequences.	  On	  this	  basis	  the	  
minimal	  StARkin	  superfamily	  has	  six	  members:	  StART,	  PITP,	  Bet	  v1,	  PRELI,	  LAM,	  and	  DUF3809.	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Legends:	  
Fig.	  1:	  The	  function	  of	  membrane	  anchored	  lipid	  transfer	  proteins	  
A.	  A	  soluble	  lipid	  transfer	  protein	  (grey	  blue)formed	  of	  a	  box	  with	  a	  lid	  and	  a	  mainly	  hydrophobic	  cavity	  
that	  picks	  up	  and	  drops	  off	  a	  specific	  lipids	  (here	  a	  sterol)	  [1]	  or	  possibly	  binds	  (exchanges,	  not	  shown)	  
two	  lipids	  [40,	  53].	  Diffusion	  through	  the	  cytoplasm	  (black	  arrows)	  limits	  the	  rate	  of	  limit	  transfer,	  as	  it	  
takes	  160	  ms	  for	  a	  small	  protein	  to	  cross	  1	  micron.	  Pick	  up	  and	  drop	  off	  reactions	  involving	  reversible	  
opening	  of	  the	  structure	  (white	  arrows,	  duration	  unknown	  “?”)	  [38]	  are	  not	  strictly	  symmetrical,	  as	  
internal	  lipid	  alters	  protein	  structure*,	  particularly	  the	  lid,	  and	  lid	  opening	  can	  depend	  on	  both	  lipid	  
bound	  and	  membrane	  composition	  [40].	  B.	  Membrane	  anchoring	  (red)	  changes	  lipid	  transfer	  protein	  
activity	  (green),	  so	  that	  in	  the	  absence	  of	  an	  adjacent	  second	  organelle	  it	  can	  only	  reach	  out	  a	  limited	  
distance	  from	  the	  inserted	  membrane.	  Possible	  functions	  include	  sensing	  lipid	  to	  convey	  either	  unbound	  
or	  bound*	  state	  to	  a	  downstream	  target	  (orange)	  [54],	  or	  inducing	  intermediate	  states	  where	  lipids	  half	  in	  
and	  half	  out	  of	  the	  lipid	  transfer	  protein	  are	  presented	  to	  a	  protein	  that	  cannot	  probe	  the	  bilayer	  (light	  
grey)	  [53].	  C.	  At	  a	  membrane	  contact	  site,	  a	  lipid	  transfer	  protein	  might	  contain	  domains	  that	  form	  a	  
bridge	  (red,	  note	  this	  arrangement	  of	  bridging	  and	  transfer	  domains	  is	  only	  theoretical)	  that	  crosses	  
contacts	  10-­‐30	  nm	  wide	  (not	  drawn	  to	  scale).	  Speed	  of	  transfer	  by	  an	  anchored	  lipid	  transfer	  domain	  
(green)	  is	  limited	  by	  pick	  up	  and	  drop	  off,	  not	  by	  diffusion	  (≤0.2	  ms).	  In	  yeast	  plasma	  membrane	  there	  is	  
segregation	  of	  sterol	  and	  saturated	  lipids	  (grey)	  away	  from	  unsaturated	  lipids	  (pink)	  [75],	  which	  may	  be	  
mediated	  by	  lipid	  shells	  around	  transmembrane	  helices	  of	  plasma	  membrane	  proteins	  (not	  shown)	  [76],	  
so	  that	  concentration	  of	  free	  sterol	  is	  no	  higher	  than	  the	  ER	  [37].	  Effects	  on	  this	  segregation	  alter	  the	  
relative	  and	  absolute	  sizes	  of	  sterol	  pools(horizontal	  arrows)	  [42],	  changing	  the	  concentration	  of	  plasma	  
membrane	  sterol	  accessible	  to	  lipid	  transfer	  proteins	  [77].	  	  
	  
Fig.	  2:	  Large	  families	  of	  LAMs	  in	  different	  eukaryotes	  
Humans,	  budding	  yeast	  and	  thale	  cress	  have	  3,	  6	  and	  4	  LAM	  proteins	  with	  domain	  composition	  as	  
shown	  in	  the	  key.	  A	  functionally	  key	  aspect	  is	  the	  presence	  of	  a	  transmembrane	  helix.	  Usually	  this	  is	  at	  
the	  C-­‐terminus	  near	  the	  StARkin	  domain,	  but	  in	  some	  plant	  proteins	  the	  pattern	  is	  reversed.	  The	  
transmembrane	  helix	  in	  Lam4p*	  is	  only	  weakly	  predicted	  by	  tools	  such	  as	  TOPCONS,	  but	  the	  protein	  
shows	  the	  similar	  targeting	  to	  portions	  of	  the	  ER	  as	  Lam1-­‐3p.	  Typically	  there	  is	  also	  a	  PH-­‐like	  domain	  
from	  the	  GRAM	  family	  upstream	  of	  the	  StARkin	  lipid	  transfer	  domain	  [16].	  Insert	  shows	  an	  enlargement	  
of	  the	  linker	  between	  the	  second	  StARkin	  domain	  and	  TMH	  of	  Lam2p,	  with	  the	  number	  of	  amino	  acids	  in	  
both	  the	  poly-­‐basic	  region	  and	  the	  remaining	  linker.	  For	  all	  LAM	  domains	  the	  number	  of	  charges	  in	  the	  
immediately	  adjacent	  linker	  is	  shown:	  overall	  positive	  in	  blue,	  overall	  negative	  in	  red	  and	  close	  to	  
neutral	  in	  grey.	  The	  helix	  preceding	  the	  PH-­‐like	  domain	  has	  a	  consensus	  as	  shown	  in	  the	  key,	  where	  
upper	  case:	  predominant	  residue,	  lower	  case:	  propensity;	  +/–/±	  =	  charged	  as	  indicated;	  ∂	  =	  hydrophilic	  
uncharged;	  Ø	  =	  hydrophobic;	  x	  =	  any.	  	  
	  
Fig.	  3:	  LAMs	  target	  four	  different	  membrane	  contact	  sites	  in	  yeast	  
Diagram	  of	  Lam	  targeting	  to	  different	  contacts,	  not	  drawn	  to	  scale.	  Lam5/6p	  (red)	  localises	  to	  three	  
different	  intracellular	  membrane	  contact	  sites	  whilst	  retained	  on	  the	  ER	  membrane	  via	  a	  
transmembrane	  helix.	  Lam6p	  localisation	  to	  NVJ	  and	  VancE	  contacts	  occurs	  via	  interaction	  with	  Vac8p.	  
Lam6p	  also	  localises	  to	  ER-­‐mitochondria	  contacts	  where	  its	  PH-­‐like	  domain	  interacts	  with	  Tom70/71p.	  
Lam5p	  has	  the	  same	  targeting	  as	  Lam6p	  when	  over-­‐expressed	  (inset,	  GFP-­‐Lam5p	  co-­‐expressed	  with	  
RFP-­‐Tom6p	  on	  the	  outer	  mitochondrial	  membrane	  and	  vacuolar	  lumen,	  likely	  as	  a	  result	  of	  mitophagy),	  
though	  its	  distribution	  when	  expressed	  at	  endogenous	  levels	  is	  not	  known.	  Thus	  far,	  Lam1-­‐4p	  is	  only	  
known	  to	  localise	  at	  one	  contact	  site	  formed	  by	  the	  ER	  and	  the	  plasma	  membrane.	  Lam2/4p	  (blue)	  
consists	  of	  two	  StARkin	  domains	  and	  one	  PH-­‐like	  domain	  which	  are	  all	  able	  to	  reach	  in	  trans	  to	  the	  
plasma	  membrane	  (PM)	  whilst	  tethered	  by	  a	  single	  transmembrane	  helix	  to	  the	  ER.	  Lam3p	  (yellow)	  
possesses	  two	  transmembrane	  helix	  with	  very	  little	  ER	  luminal	  domain.	  Lam3p	  has	  a	  single	  StART	  
domain,	  two	  PH-­‐like	  domains	  and	  a	  BAR	  domain	  which	  are	  all	  spatially	  able	  to	  interact	  with	  the	  plasma	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membrane.	  Inset	  shows	  a	  cell	  expressing	  GFP-­‐Lam2p	  at	  punctate	  ER-­‐plasma	  membrane	  contacts	  and	  co-­‐
expressing	  RFP-­‐ER.	  Both	  GFP	  images	  are	  also	  shown	  as	  black	  on	  white	  background.	  Confocal	  microscopy	  
images	  courtesy	  of	  Alberto	  Gatta.	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